Abstract: This paper presents a novel method for the localization of an RFID tag in two-dimensional (2D) space, which can be used in location-aware systems. First, in a 2D square domain inside which an RFID tag is freely placed and moved, we show that a line on which the RFID tag exists can be estimated from the weighted integrals of the magnetic field created by the tag along the boundary of the domain. Then, for measuring them, we develop a square-shaped magnetic sensor composed of three coils only: two pairs of oppositely-wound rectangle coils connected in series on the parallel sides of the squared domain, and four bow-tie-shaped coils connected in series on all sides. The average localization error is 5.9 mm in the 160 mm × 160 mm domain.
INTRODUCTION
Radio Frequency IDentification (RFID) is of importance for ubiquitous computing [1] . Recently, RFID has been used in various fields, such as robotics [2] [3], tracking humans [4] , localization of physical objects [5] , and so on. In such systems, location information of RFID tags, in addition to their ID numbers, is necessary to know their self-positions in a room or building [6] . Wang et al. [5] proposed RFID-based 3-D positioning schemes for localization of an object in a shipping container. Using 198 RFID tags, the RFID reader was located with errors in the x and y coordinates 79.2 mm and 3.0 mm, respectively in a room of 5.6 m long and 3.4 m wide. Although it can estimate the position in a wide range, the number of tags/readers increases as the space becomes large.
Not only in 3D but also in 2D space, localization or tracking an RFID tag can be applied to 'tabletop interfaces'. For example, an intelligent medicine cabinet or wagon for hospitals that safely stores medicine bottles and remembers their ID numbers and locations can alert a doctor or nurse to correct the position of the medicine when they put it on a wrong position. Rekimoto et al. [7] proposed the tabletop interface using RFID in a 2D plane named 'DataTiles'. This system detects tagged acrylic tiles by a large number of small RFID reader antennas placed in a reticular pattern. The problem is that the position where the tag must be placed is restricted around the antenna. Shinoda et al. [8] developed a method for position and orientation sensing in the Two-Dimensional Communication (2DC) networks. They have achieved localization with position accuracy less than 4 mm and rotation angular accuracy less than 3 deg.
In this paper, we propose a method for 2D localization of an RFID tag with a square-shaped sensor which consists of three coils only. It measures three weighted integrals of the magnetic field created by the RFID tag along the boundary of a squared domain in which an RFID tag is freely placed and moved. We develop a system to locate RFID tags with 160 mm × 160 mm range with the aim of achieving a localization accuracy of 10 mm.
This paper is organized as follow. In Section 2, our algorithm and design of a magnetic sensor for an RFID localization are shown. Section 3 shows the results of the experiments using the square-shaped sensor. In Last Section, this paper is concluded.
THEORY

Problem setting
A passive RFID tag without a battery inside is provided its power from a reader antenna by electromagnetic induction. An RFID tag has a loop antenna for communication with a reader as shown in Fig. 1 . Therefore, an RFID tag can be regarded as a magnetic dipole. Suppose that a tag exists in a 2D plane at r 0 = (x 0 , y 0 , 0)
T with the moment p = (0, 0, p) T . We assume that the tag is perpendicular to the xy-plane as shown in Fig. 2 and p is known a priori. The magnetic field created by the RFID tag is expressed as
where μ 0 is permeability, and ω is a radio communication frequency of the RFID tag. Hereafter, the term e iωt is omitted. The z-component of the magnetic field is then expressed as
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Weighted integral method
First, we derive a liner equation for x 0 and y 0 . To this end, consider the gradients of B z given by
Multiplying both sides by |r − r 0 | 2 and integrating them along Γ lead to
where ds is a line element [9] . Using integration by parts, Eq. (4) is written as
Now, the left-hand side of Eq. (5) is equal to zero since Γ is a closed curve. Thus we have �
Especially when Γ is a square, Eq. (6) gives a linear equation for x 0 and y 0 :
then we have
Eq. (11) means that a line on which the RFID tag exists can be obtained from measurements of the weighted integrals A, B and C in Eqs. (8) through (10). After the line in Eq. (11) is determined from A, B and C, we use it as a constraint in the non-linear least squares method to search for the RFID tag position. That is, we solve the following constrained least squares problem: 
Design of a sensor unit
We made coils for measuring the magnetic fluxes that are proportional to A, B and C. We call them Coil-A, Coil-B and Coil-C, respectively. Fig. 3(a) shows the structure of the Coil-A. It is a pair of oppositely wound rectangle coils whose width and length are ε and 2a, respectively, on the sides of Γ in parallel with the x-axis. The magnetic flux penetrating small areas εΔx at y = −a and y = a depicted in Fig. 3(a) are written εB z (x, −a, 0)Δx and εB z (x, a, 0)Δx, respectively if we suppose that ε is sufficiently small such that the change of B z in y-direction is negligible. Therefore, the magnetic fluxes in the rectangle coils are written as
Hence, by connecting them in series, the electromotive force induced in the coil is proportional to Coil-C is composed of four bow-tie-shaped coils whose maximum width is ε as shown in Fig. 3(c) . In Eq. (10), we need to multiply B z on Γ by the weighting terms x and y. For example, on the side x = a (where y > 0), to multiply B z by the weighting term, y, we increase the width of the coil from y = 0 to y = a linearly as shown in Fig. 3(d) . Then the magnetic flux penetrating the small area shown in Fig. 3(c) is written as εy a B z (a, y, 0)Δy when we suppose that ε is sufficiently small such that the change of B z in x-direction is negligible. Hence, by changing the winding direction for y > 0 and y < 0 as in Fig. 3(d) , the magnetic flux penetrating the bow-tie-shaped coil on the side x = a is expressed as ε a � a −a yB z (a, y, 0)dy. Thus, when the four bow-tieshaped coils are connected in series, the electromotive force is proportional to
Fig . 3(e) shows the sensor unit composed of Coil-A, Coil-B and Coil-C which are placed with their origins at the center of the x-y coordinate system. Table 1 shows main equipments used in experiments. Our system can be divided into an RFID system and a measurement system. The RFID system is composed of an RFID reader, an RFID antenna and an RFID tag, and the measurement system is composed of a sensor unit, four Low-path filters (LPF), three amplifiers (AMP), two AD converters and a PC (Fig. 5) . Figs. 4 and 6 show our sensor and system. The signals from the sensor are transmitted along a coaxial cable.
EXPERIMENT
Equipment
The RFID reader activates the RFID tag when the reader recieve a command from PC. We obtain the response signal of the RFID tag by using the measurement system. Fig. 7 shows the estimated lines defined in Eq. (11) when an RFID tag moves along y = a 2 where a = 100 mm. The red points in the figure are the true positions of an RFID tag. It is observed that we obtained lines which pass through the proximity of the RFID tag. Using the obtained lines as the constraint, 2D position of the tag was estimated. We located 80 positions of an RFID tag in the sensor area (160 mm × 160 mm). We measured A, B and C 10 times for each position. The 2D localization result is shown in Fig. 8(a) . In the figure, the red points are the true positions, and the black points are the estimated positions. The average error was 5.9 mm, and the standard deviation is shown as an ellipse in the figure. The origin is excluded from measuring point because A, B and C are zero theoretically at the origin. In other words, we should set threshold values for A, B and C under which the tag is localized at the origin.
Estimation of the lines and 2D positions
Toward an improvement of a sensing area, we located an RFID tag in the 300 mm × 300 mm domain which includes both inside and outside of a sensor. The 2D localization result is shown in Fig. 8(b) . The average error was 3.5 mm. We observe that our algorithm and sensor work even in the outside of Γ.
Discussion
In the Fig. 8(a) , the accuracy of localization close to the sensor coils is worse than that near the center.
In order to examine this error tendency, simulations were conducted. In these simulations, we used mathematica 5.2 for calculating and visualizing results. We assumed that an RFID tag moves along the line y = a 2 in the sensor area.
First, we estimated the line defined in Eq. (11) assuming that the exact values of the weighted integrals A, B and C are measured. Fig. 9(a) shows the estimated lines and true positions of a tag represented by the black dots in the first quadrant. As shown in the figure, we can estimate a line on which the RFID tag exists. Fig. 9(b) shows the estimated lines and true positions of a tag in the first quadrant assuming that we measure A, B and C by using Coil-A, Coil-B and Coil-C with the parameter a = 100 mm and ε = 15 mm. As shown in the figure, we can estimate a line on which the RFID tag exists where x < 80 mm. However, the estimated lines misalign the position of an RFID tag where 80 mm < x < 100 mm. This is because the change of the magnetic flux in the width direction (x-direction) in a coil on the side x = a cannot be negligible when an RFID tag is placed near the sensor coil. Because of this problem, the localization error shown in Fig. 8(a) increases when the tag approaches the side of Γ. To improve this error, we need to decrease the width of coils ε while keeping the sensitivity, for example, by inserting a ferromagnetic core into the coil.
CONCLUSION
In this paper, we proposed the method for localization of an RFID tag in a 2D plane by using the weighted integral sensor placed on the boundary of a square. We showed that the line on which an RFID tag exists can be estimated by the weighted integrals measured on the boundary of a square area. We also developed the magnetic sensor composed of three coils: two pairs of rectangle coils and four bow-tie-shaped coils connected in series on the side of a square 200 mm. Our sensor measured the weighted integrals of a magnetic flux by changing the width of coil linearly.
Using the magnetic sensor, an RFID tag was localized in the square area 160 mm on a side with the average error 5.9 mm at 80 points. It was also showed that our algorithm and sensor were effective not only in the inside but also in the outside of the sensor : in the square area 300 mm on a side with the average error 3.5 mm at 16 points.
The localization accuracy is considered enough for interface applications such as an intelligent medicine cabinet. In the future, we will develop a larger sensor to use in a tabletop interface.
